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We report the hole doping dependencies of the pseudogap phase energy scale, 2∆PG, the anti-
nodal (nodal) superconducting energy scales 2∆ANSC (2∆
N
SC) and the charge density wave energy
scale, 2∆CDW extracted from the electronic Raman responses of several copper oxide families. We
show for all the cuprates studied, that the three energy scales 2∆PG, 2∆
AN
SC and 2∆CDW display
the same decreasing monotonic behavior with doping. In particular, 2∆ANSC and 2∆CDW have nearly
equal values. This suggests an universal scenario in which 2∆PG, 2∆
AN
SC and 2∆CDW are governed
by common microscopic interactions that become relevant well above the superconducting transition
at Tc . This is to be contrasted with the behavior of the nodal superconducting energy scale 2∆
N
SC,
which tracks the doping dependence of Tc and, hence, seems to be controlled by different interactions.
I. INTRODUCTION
The copper oxide (cuprate) superconductors are mate-
rials with an extremely rich Temperature-doping (T − p)
phase diagram. By decreasing T , a mysterious phase
is established, the pseudogap (PG) which manifests it-
self by the suppression of low energy electronic states.
By further reducing temperature, a charge density wave
(CDW) order settles down. Finally, at lower T super-
conductivity (SC) arises[1]. The overriding question that
remains unanswered since the discovery of superconduc-
tivity in cuprates by Bednorz and Muller in 1986 [2] is
what are the underlying quantum electronic orders that
control the (T − p) cuprate phase diagram? This ques-
tion leads to other recurring questions such as the fol-
lowing. Why is the doping dependencies of the super-
conducting transition temperature Tc (p) and the charge
density wave transition temperature TCDW(p) dome-like?
Why instead the pseudogap temperature T ∗ (p) decreases
linearly as p increases? In order to address these key
questions it is essential to identify the relation between
the transition temperatures Tc (p), TCDW(p), T
∗ (p) and
the corresponding energy scales, 2∆ANSC (2∆
N
SC), 2∆CDW,
2∆PG. Here AN and N refer to anti-nodal and nodal
regions corresponding to the principal axes and the di-
agonal of the first Brillouin zone (BZ) respectively. For
mean field type second order phase transitions, such as
superconducting transitions in conventional systems [3],
the transition temperature is proportional to the asso-
ciated energy scale of the order parameter, such as the
gap value. As we discuss in detail below, this is not the
case either for the superconducting or the charge density
wave transitions of the cuprates, which emphasizes their
unconventional nature.
The scope of this article is to determine the
above mentioned energy scales of various cuprate
families, extending our previous work on tri-layered
HgBa2Ca2Cu3O8+δ[4]. The goal here is to show that
their relation with the transition temperatures and their
behaviour as a function of doping are universal features
of the cuprate phase diagram. Our findings also provide
important clues on the relationship between the different
quantum electronic orders.
Our study is based on the electronic Raman spec-
troscopy (ERS), which is a very effective probe to track
the energy scales of the superconducting gap, the pseu-
dogap [5–12] or more recently the charge density wave
gap [4]. Since ERS is a two photon scattering process,
by controlling the incoming and outgoing photon polar-
izations, one can selectively probe different regions of the
BZ. Thus, in the B1g geometry the Raman form factor is
(cos kx − cos ky)2 and it predominantly probes the anti-
nodal region. Here k is the wave vector of the excited
electron. Likewise, in the B2g geometry the Raman form
factor is sin2 kx sin
2 ky and it probes mostly the nodal
region. This form factor induced momentum space se-
lectivity is particularly useful for studying the cuprates,
since it is well known that the electronic properties in
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2the anti-nodal and nodal regions are quite different[13].
Thus, both the superconducting gap and the pseudo-
gap energy scale are maximal around the anti-node, and
minimal around the nodal region. Furthermore, since
the energy gaps from pseudogap is minimal in the nodal
region, we find that any additional loss of low-energy
spectral weight due to the formation of the charge den-
sity wave is readily detected in the B2g geometry, and
not in the B1g geometry where the signal of the charge
density wave is masked by the pseudogap. Yet another
useful aspect of ERS is that it is a frequency-resolved,
but, (form factor weighted) momentum averaged probe.
Therefore it is quite sensitive to gap opening due to
a short range order, as is the case of the charge den-
sity wave in the cuprates in the absence of magnetic
field. This is because any spatial variation of the or-
dering wave vector in a short range order does not blur
the energy gap feature in frequency space if the probe
is frequency resolved [14]. The ERS measurements were
performed on four distinct cuprates: HgBa2CuO4+δ (Hg-
1201), YBa2Cu3O6+δ (Y-123), Bi2Sr2CaCu2O8+δ (Bi-
2212) and HgBa2Ca2Cu3O8+δ (Hg-1223). In our pre-
vious study[4], we determined the doping dependence of
the energy scales of the Hg-1223 compound and the dop-
ing trend of the CDW energy scale of Y-123 compounds.
Here, among the new results, we were able to identify the
CDW energy scale and the doping dependence of the PG
energy scale in Bi-2212 compound. We also succeeded to
follow the doping dependence of the CDW energy scale
in Hg-1201 compound by reinterpreting the Raman data
obtained from other group [15]. This allows us to ob-
tain an universal picture of the doping evolution of the
energy scales over several cuprates. We find that 2∆PG,
2∆ANSC and 2∆CDW have the same doping dependency as
T ∗ (p), they decrease linearly with doping. This suggests
that they are all driven by the same microscopic mech-
anism. We also find that the 2∆PG is approximately
twice larger than 2∆ANSC and 2∆CDW which are instead
very close to each other. This suggests first, that 2∆PG
scale ( detected here) cannot be ascribed to SC fluctu-
ations [16] (since it is too far from the SC gap scale
2∆ANSC ). Secondly and most importantly, this indicates
that the SC and CDW orders are intimately connected
(since 2∆ANSC ≈ 2∆CDW) and deserve to be investigated
in the light of recent theoretical models such as composite
or intertwined orders [17–22].
II. ANTI-NODAL SUPERCONDUCTING AND
PSEUDOGAP ENERGY SCALES
Our first goal is to show how we can detect and define
the energy scales of the anti-nodal part of the SC gap and
the PG phase in cuprates. As an illustration, we present
the B1g Raman responses of the Hg-1223 (UD 117) and
Bi-2212 (UD 75) compounds. The number in brackets
corresponds to the Tc value. As mentioned above, the
B1g geometry in Raman spectroscopy gives us access to
the anti-nodal part of the BZ. The details of the ERS
experimental procedure is given in Appendix A. Details
on the crystals growth, the Tc values and doping are given
in Appendix B.
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FIG. 1. (Color online). For T ≤ Tc , B1g (anti-nodal) Raman
response functions of (a) an under-doped Hg-1223 (UD 117,
p ≈ 0.12) and (b) Bi-2212 (UD 75, p ≈ 0.11) single crystal;
(c) and (d) For T ≥ Tc . The SC energy scale 2∆SC and the
PG energy scale 2∆PG are indicated by red and blue arrow
respectively. In the insets of panels (a) and (b), the sub-
tracted Raman response (defined in the text) underlines the
peak-dip structure. In the insets of panels (c) and (d), the
subtracted Raman response (defined in the text), points out
the spectral weight transfer induced by the pseudogap phase
in the normal state. The shaded area allows by contrast, a
better visualization of the peak-dip structure in the SC state
and the spectral weight transfer in the normal state.
In Figure 1 (a) and (b), the SC Raman responses of
Hg-1223 (UD 117) and Bi-2212 (UD 75) at 12 K, exhibit
a well defined pair breaking peak, 2∆ANSC, at approx-
imately two times the energy of the SC gap measured
by tunneling and angular resolved photo-emission spec-
troscopy (ARPES). It corresponds to the maximum am-
plitude of the d-wave SC gap probed at the anti-nodes.
It is located around 1500 cm−1and 570 cm−1for Hg-
1223 (UD 117) and Bi-2212 (UD 75) respectively and
marked by a red arrow. The 2∆ANSC peak is asso-
ciated on its high energy side with a dip in the elec-
tronic continuum. The dip is revealed by comparing
the SC (at 12 K) and the normal Raman responses just
above Tc (122 K for Hg-1223 (UD 117) and 90 K for
Bi-2212 (UD 75)). In previous works, we showed that
this peak-dip structure detected in the superconducting
B1g Raman response results from the interplay between
the PG and the SC gap [11, 12, 23]. The peak-dip struc-
ture is emphasized by the subtracted Raman responses
∆χ′′B1g (ω, 12K, 122K) = χ
′′
B1g
(ω, 12K)− χ′′B1g (ω, 122K)
and ∆χ′′B1g (ω, 12K, 90K) for Hg-1223 (UD 117) and Bi-
2212 (UD 75) respectively (see insets of panels (a) and
(b)). We established (i) the peak-dip structure is only
detected when the pseudogap exists [11, 12, 23] and (ii)
it can be smoothly connected to the loss of spectral
weight related to the PG above Tc (see Appendix C).
3Above Tc , as the temperature is lowered, see Fig.1 (c)
and (d), we observe simultaneously a loss and a slightly
increase of spectral weight of the electronic background
below and above 2000 cm−1and 1000 cm−1for respec-
tively Hg-1223 (UD 117) and Bi-2212 (UD 75). This
is due to a quasi-particles spectral weight transfer from
low to high frequency which characterizes the pseudogap
phase. This is underlined by the subtracted Raman re-
sponses ∆χ′′B1g (ω, 122K, 280K) (for Hg-1223 (UD 117))
and ∆χ′′B1g (ω, 90K, 285K) (for Bi-2212 (UD 75)) which
signal the loss and the increase of the spectral weight in
the negative and positive part of the spectra respectively,
as shown in the insets of the (c) and (d) panels. In the
positive part of the spectra, it is hard to accurately define
an energy scale for the PG in the normal state, because
the hump is almost flat on a large frequency range (2500-
4500 cm−1) and (800-2000 cm−1) for Hg-1223 (UD 117)
and Bi-2212 (UD 75) respectively. On the other hand,
the energy of the dip end of the SC B1g response is more
easily detectable and since it corresponds to the Raman
signature of the PG in the SC state [4, 11, 12, 23], we
defined it as the PG energy scale, 2∆PG, marked by a
blue arrow in Fig. 1. 2∆PG corresponds to the high en-
ergy pseudogap detected in the tunneling and ARPES
measurements [24–26] and discussed in Ref.[27]. The
2∆ANSC and 2∆PG scales for the Y-123 and Hg-1201
compounds were obtained using the same method (ana-
lyzing the peak-dip structure in the SC Raman response
[11]). All the energy scales that we have measured by
ERS for the various cuprates are shown in Fig. 3. We
have also defined the pseudogap temperature T ∗ by the
temperature at which the transfer of spectral weight from
low to high energies detected in the B1g Raman response
ceases. The T ∗ values that we obtained, are in agree-
ment with those obtained from other techniques, and are
reported in Fig. 3.
III. NODAL SUPERCONDUCTING AND
CHARGE DENSITY WAVE ENERGY SCALES
We investigate now, the energy scales of the nodal SC
gap and the CDW order. The B2g geometry in Raman
spectroscopy, allows us to capture the electronic states
located in the nodal region of the first BZ, it is therefore
well adapted to study the nodal component of the su-
perconducting gap. On the other hand, the parts of the
Fermi surface which are expected to be the most affected
by the CDW order are located in between the nodal and
the anti-nodal regions [28], meaning that they are poten-
tially accessible by both the B1g or B2g geometry. How-
ever, since TCDW is below T
∗ , the CDW signal close to
the anti-nodes may be affected or masked by the pseu-
dogap spectral weight loss. It is therefore more adapted
to look for the CDW signal close to the nodes, where the
pseudogap effect is known to be minimal. In our previ-
ous investigations, we have mostly investigated the CDW
signal in Hg-based compounds[4]. Here, we show that we
are also able to detect the CDW signal also in Y-123 and
Bi-2212 compounds, despite the presence of few phonon
modes which are not detected in Hg-based compounds.
So, we have studied the B2g Raman response of the four
following cuprates: Hg-1223 (UD 117) , Hg-1201 (UD 72)
and Y-123 (UD 54) and Bi-2212 (UD 75). The details of
the crystal growths and characterizations of Hg-1201 and
Y-123 can be found in Refs. [29, 30].
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FIG. 2. (Color online). B2g (Nodal) Raman response func-
tions of Hg-1223 (UD 117, p ≈ 0.12) , Hg-1201 (UD 72,
p ≈ 0.11) and Y-123 (UD 54, p ≈ 0.08) and Bi-2212 (UD
75, p ≈ 0.11) compounds. (a)-(d) for selected temperatures
above and below Tc . In the insets, we plot the subtraction be-
tween the Raman responses measured below (red curve) and
just above (black curve) Tc and the ones measured at T0. T0
= 290 K, 285 K, 280 K, 200 K for Hg-1223, Hg-1201, Y-123
and Bi-2212 respectively. The shaded area allows a better
visualization of the CDW signal. (e)-(h) Subtracted Raman
responses between selected temperature above Tc and T0. The
peaks labeled by a star in the Y-123 and Bi-2212 are phonon
modes induced by oxygen disorder [31, 32]. Note that since
the CDW signal is intrinsically weak in Bi-2212 compound,
we applied a slight filtering by using Fourier transform to im-
prove the signal noise ratio of the Raman response in panel
(h).
Below Tc (red curves in the (a) to (d) panels of Fig.2),
we detect two distinct features arrowed 2∆NSC and
2∆CDW in the Raman spectra of Hg-1223, Hg-1201, Y-
123 and Bi-2212. These features are highlighted by the
subtracted Raman responses ∆χ′′B2g (ω, T = 12K,T0) ob-
tained from the difference between the Raman responses
taken at T=12 K and the ones measured at T0 >Tc (see
red curves in the insets of panels (a) to (d)). T0 is de-
fined in the caption of Fig.2. The extra narrow features
labeled by a star in Fig.2 correspond to phonon lines
4(see caption of Fig.2). The 2∆NSC peak located at 470
cm−1for Hg-1223, 300 cm−1for Hg-1201, 250 cm−1for
Y-123 and 372 cm−1for Bi-2212, disappears above Tc .
This feature is assigned to the well known nodal compo-
nent of the d-wave SC gap and already extensively stud-
ied in Y-123, Bi-2212 and Hg-1201 [6, 7, 33, 34]. On
the contrary, 2∆CDW located at higher frequency than
2∆NSC, persists above Tc (see black curves in the insets
of panels (a) to (d)) and exhibits a maximum around
1000 cm−1for Hg-1223 (UD 117), 1150 cm−1for Hg-1201
(UD 72), 1000 cm−1for Y-123 (UD 54) and 850 cm−1for
Bi-2212 (UD 75). We define the position of the max-
imum of the hump as the CDW energy scale, 2∆CDW
which has been first identified in ref.[4] for Hg-1223. All
these energy scales are reported in Fig. 3. By raising
the temperature above Tc , the CDW hump progressively
decreases in intensity. This is pointed out by looking at
the subtracted Raman responses ∆χ′′B2g (ω, T > Tc , T0)
of Hg-1223, Hg-1201, Y-123 and Bi-2212 (panels (e)-(h)).
They exhibit a dip-hump structure characteristic of the
CDW spectral weight transfer that disappears with in-
creasing T . We have defined TCDW as the temperature
at which the integrated Raman intensity of the CDW
hump vanishes. The TCDW values of Hg-1223, Hg-1201
and Y-123 and Bi-2212 (UD 75) are reported in Fig. 3
and are in agreement with those obtained from other
techniques, see Fig.3. At this stage, it is important to
notice that although TCDW has been extensively mapped
out in several cuprates, only very few data have been
reported on the 2∆CDW energy scale. One can then le-
gitimately wonder whether the CDW signal we observed
in B2g geometry is also detected by other spectroscopic
techniques in the Bi-2212 compound. We can effectively
find that polarized pump probe measurements have re-
ported such signals at nearly the same energy [35]. Ad-
ditionally, ARPES measurements report a gap opening
in the nodal region (B2g geometry) below T
∗which could
be related to a CDW order [36].
IV. UNIVERSAL DOPING DEPENDENCE OF
THE ENERGY SCALES IN SEVERAL
CUPRATES AND ITS RELATIONSHIP ON THE
CUPRATES PHASE DIAGRAM.
Having showed how to extract and identify the energy
scales of the SC state, the PG phase and the CDW or-
der from the electronic Raman response, our objective
is to track their doping dependencies for various fami-
lies of cuprates that we studied, and see if there exists
some common trends and how they can eventually be
connected on the cuprate phase diagram. By way of illus-
tration, we have reported in Appendix D, the Raman re-
sponses of the Hg-1223 compound for several doping lev-
els from which we extracted the energy scales: 2∆ANSC,
2∆PG, 2∆
N
SC and 2∆CDW. The doping dependence of
these four energy scales are shown in panels (a) and (e)
for Hg-1223, (b) and (f) for Y-123, (c), (g) for Hg-1201
and (d), (h) for Bi-2212 [37]. Remarkably, we find uni-
versal trends in the doping dependencies of the above
energy scales. The PG, AN SC and the CDW energy
scales decrease linearly as p increases on a substantial
doping range (panels (a)-(d)) in all these cuprate fam-
ilies. The 2∆PG scale, is about twice as large as that
of the 2∆ANSC and 2∆CDW scales which are found to
be very close to each other. On the contrary, the 2∆NSC
scale is non monotonic, it increases with doping up to the
optimal doping level (p = 0.16)(see panels (e)-(h)) and
then it decreases in the over-doped regime (p ≥ 0.16).
As a result, the 2∆NSC(p) has a dome like shape fully
observed in panel (g) and (h) for Hg-1201 and Bi-2212.
If we now venture into a comparison between the doping
dependence of these energy scales and the T − p cuprate
phase diagram (see panels (i)-(l)), the salient experimen-
tal facts are that 2∆PG(p) and the 2∆
N
SC(p) follow the
same behavior as T ∗ (p) and Tc (p) respectively, while
2∆CDW(p) and 2∆
AN
SC(p) do not follow TCDW(p) and
Tc (p) respectively. At this stage, we are not in a po-
sition to propose a theory that would allow us to fully
understand the doping dependencies of the energy scales
and their correspondences with the characteristic tem-
peratures of the cuprate phase diagram. However, if we
focus on the doping dependency of the energy scales, we
can draw some key observations from it. We can first
hypothesize that the three energy scales (PG, AN-SC
and CDW) have probably a common microscopic origin
since they have the same doping dependence. They de-
crease monotonically with doping as expected e.g. for the
singlet formation energy in the resonant valence bound
(RVB) model [38]. Their microscopic origin could be e.g.
short range anti-ferromagnetic fluctuations [39] which de-
crease as one moves away by doping from Mott insulating
anti-ferromagnetic phase [40–48]. We can also reason-
ably say that since 2∆PG(p) is at least twice as large
as that 2∆ANSC(p), it cannot be assigned to supercon-
ducting fluctuations as proposed by a preformed pair sce-
nario [16]. Another point worth mentioning is the same
doping dependence of the N-SC and Tc as opposed to
the AN-SC gap that does not follow Tc . This suggests
that nodal quasi-particles are likely not subject to the
same electronic interactions governing quasi-particles at
the anti-nodes. On the other hand, the close values of the
AN-SC and CDW energy scales, which we report here in
several cuprates (panels (a)-(d)), is a surprising fact that
deserves to be explored in the light of recent theoretical
models of intertwined or composite orders[17–22].
V. CONCLUSION
In conclusion, we have determined the universal energy
scales behaviour associated with the the T − P cuprate
phase diagram by extracting from electronic Raman
scattering measurements the energy scales of the PG
phase, of the anti-nodal and nodal superconducting state
and of the charge density wave order for several cuprates
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FIG. 3. (Color online). Universal doping dependencies of the pseudogap, the anti-nodal superconducting and the charge density
wave energy scales, (respectively 2∆PG(p), 2∆
AN
SC (p) and 2∆CDW(p)) over four cuprates systems: (a) Hg-1223, (b) Y-123, (c)
Hg-1201 and (d) Bi-2212 cuprates. Panels (e), (f), (g), (h) show the doping dependence of the nodal superconducting energy
scale, 2∆NSC(p), for Hg-1223, Y-123, Hg-1201 and Bi-2212 respectively. Panels (i), (j), (k), (l) display the doping dependence
of the relevant transition temperatures: the pseudogap T ∗ , the superconducting Tc and the charge density wave TCDW for
Hg-1223, Y-123, Hg-1201 and Bi-2212 respectively. The symbols filled in, correspond to our Raman data. Our data on Y-123,
Hg-1201 and Bi-2212 are supplemented by Raman measurements from other groups (designated by empty symbols), see ref.[37].
families (Hg-1223, Hg-1201, Y-123 and Bi-2212). In
all these cuprates, we find that ∆PG(p), 2∆
AN
SC (p)
and 2∆CDW(p) have the same doping dependence as
T ∗ (p) : they decrease monotonically with doping. This
suggests that they are all driven by the same microscopic
interactions which could come for instance, from short
range anti-ferromagnetic fluctuations. The closeness of
the AN-SC and CDW energy scales suggests that these
orders are intimately connected and that the pseudogap
phase could be considered as intertwined or composite
order of particle-particle and particle-hole pairs [17–22].
On the contrary, the nodal component of the SC gap
2∆NSC(p), which follows the same doping dependence
as Tc (p), does not appear to be affected by any of
the above interactions. Our experimental results will
motivate future theoretical advancements that could
account for these universal energy scales of the cuprate
phase diagram.
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Appendix A: Details of the electronic Raman
experiments
Raman experiments have been carried out using a JY-
T64000 spectrometer in single grating configuration us-
ing a 600 grooves/mm grating and a Thorlabs NF533-
17 notch filter to block the stray light. The spectrome-
ter is equipped with a nitrogen cooled back illuminated
2048x512 CCD detector. We use the 532 nm excitation
6line from a diode pump solid state with laser power main-
tained at 4 mW. Measurements between 10 and 290 K
have been performed using an ARS closed-cycle He cryo-
stat. This configuration allows us to cover a wide spectral
range (90 cm−1 to 2500 cm−1) with a resolution sets at
5 cm−1. Spectra have been obtained from a single frame.
Each frame is repeated twice to eliminate cosmic spikes
and acquisition time is about 20 mn. All the spectra have
been corrected for the Bose factor and the instrumen-
tal spectral response. They are thus proportional to the
imaginary part of the Raman response function χ′′(ω, T ).
The B1g symmetry is obtained from crossed polarizations
along the Cu-O bond directions. Then, the crystal is ro-
tated by 45◦ using a Attocube piezo-rotator ANR 101
to obtain the B2g symmetry always using crossed polar-
izations. The B1g symmetry probes mostly the principal
axes of the BZ, (anti-nodal region) and it corresponds
to the maximum amplitude of the SC gap while the B2g
symmetry probes mainly the diagonal of the BZ, (nodal
region) and it corresponds to the region where the am-
plitude of the d-wave SC gap vanishes.
Appendix B: Details on the crystal growth, doping
and critical temperature of Hg-1223 and Bi-2212
single crystals
1. Hg-1223
The Hg-1223 single crystals were grown by a single
step synthesis [49]. The as-grown single crystal has a
critical temperature, Tc≈ 110 K. Tc has been changed by
annealing the single crystal under vacuum or oxygen. A
thorough X-ray diffraction analysis reveals that oxygen
atoms are removed (for under-doping) or added (for
over-doping) inside the Hg layer [50]. The doping levels
were estimated from the empirical Presland-Tallon’s law
[51]. The single crystals are parallelepiped with a typical
cross section of 0.7 × 0.7 mm2 and a thickness of 0.2 mm.
The c-axis is normal to the surface with the a-b plane
directions 45◦ from the edges. In order to have high
optical quality surface, the crystals have been polished
using diamond paste at 1/10 µm. Dc magnetization
measurements under zero field cooling (ZFC) have been
performed after polishing and displayed in Fig. 4 (a).
The transition temperature Tc and its width, ∆Tc, was
estimated by taking the maximum and the full width at
half maximum of the peak of the first derivative of each
Dc magnetization curve shown in Fig. 4 (b). The Tc and
∆Tc values for each doping are the following: p=0.16
(Tc = 133 K, ∆Tc = 1 K), p=0.14 (Tc = 127 K,∆Tc
= 1.5 K), p=0.12 (Tc = 117 K ,∆Tc = 5 K), p=0.11
(Tc =105 K,∆Tc = 4 K), p=0.94 (Tc = 92 K, ∆Tc = 7
K). ∆Tc broadens when we move away from the optimal
doping level. This reflects slightly doping inhomogeneity
in the single crystal with under-doping.
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FIG. 4. (a) Zero field cooling magnetization curves of Hg-1223
single crystals for several doping levels. The applied magnetic
field is perpendicular to the (ab) plane and its magnitude is
of ≈ 10 Oe.(b) First derivative of the magnetization curves
displayed in (a). The location of the peak maximum indi-
cates the value of Tc and its full width at half maximum the
transition width.
2. Bi-2212
The Bi-2212 single crystals were grown by using a
floating zone method. The optimal doped sample with
Tc = 90 K was grown at a velocity of 0.2 mm per hour
in air [52]. In order to get over-doped samples down to
Tc = 65 K, the as-grown single crystal was put into a
high oxygen pressured cell between 1000 and 2000 bars
and then was annealed from 350oC to 500oC during 3
days [53]. The over-doped samples below Tc = 60 K
was obtained from as-grown Bi-2212 single crystals put
into a pressure cell (Autoclave France) with 100 bars
oxygen pressure and annealed from 9 to 12 days at
350 oC. Then the samples were rapidly cooled down
to room temperature by maintaining a pressure of 100
bars. The critical temperature Tc for each crystal has
been determined from magnetization susceptibility mea-
surements at a 10 Gauss field parallel to the c-axis of
the crystal. In the over-doped regime, Tc increases lin-
early with 2∆ANSC . From a linear fit of the Tc values
between Tc = 50K and Tc = 90K, we find the reli-
able relationship: Tc = (2∆
AN
SC )/8.2 + 28.6 [10]. In the
under-doped regime Tc falls down abruptly as a function
of 2∆ANSC (see Fig. 5). The level of doping p was de-
fined from Tc using Presland and Tallon’s equation [51]:
1−Tc/Tmaxc = 82.6(p−0.16)2. In the over-doped regime,
estimate of p can be determined from 2∆ANSC using the
above two equations.
7Appendix C: Connection between the dip structure
in the superconducting state and the normal state
pseudogap
In order to show that there is a direct link between the
dip-structure detected in the SC state Raman response
and the spectral weight loss detected in the normal state
Raman response when the pseudogap phase settles down,
we have simultaneously plotted (see Fig. 5 (a)) the doping
evolution of the dip and the loss of spectral weight in the
Raman spectra of Bi-2212. The characteristic elements
of the peak-dip structure measured on Bi-2212 (UD 75)
are defined in Fig. 5 (b). We quantified the dip depth
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FIG. 5. (Color online). (a) Characteristic peak-dip structure
extracted from the Subtracted Raman response of Bi-2212
(UD 75) single crystal between the SC and the normal state
just above Tc ; (b) Doping evolution of the dip depth and the
loss of spectral weight generated by the pseudogap phase.
from the subtracted Raman response measured at low
temperature (≈ 12 K) in the SC state and just above Tc .
The loss of spectral weight is defined in ref. [10]. From
Fig. 5 (a), it clearly appears that the dip depth and the
loss of spectral weight are associated to the pseudogap
phase. These results are supported by cellular dynamical
mean field theory calculations (see appendix in ref.[11]).
Appendix D: Extraction of the energy scales from
the Raman response of Hg-1223 systems
1. Superconducting anti-nodal and pseudogap
energy scales versus doping
The ∆ANSC scale is the maximum energy of the d−wave
SC gap which takes place in the anti-nodal region of
the BZ. It is therefore experimentally observed in the
B1g Raman response. In fact, we are detecting twice the
superconducting gap energy 2∆ANSC which corresponds to
the frequency of the pair breaking peak indicated by a
red arrow in the top panels (a),(c) and (e),(g) of Fig. 6.
We see that 2∆SC decreases in intensity and increases in
frequency as p is lowering from 0.16 to 0.10. This doping
dependence is a common feature to all the cuprates stud-
ied (cf. Fig. 3). Its rapid intensity decrease is likely due
the loss of the spectral weight in the anti-nodal region
generated by the PG phase. On the other hand, the PG
energy scale, 2∆PG is defined as the frequency for which
the dip just on the right side of the pair breaking peak
ends. Remarkably, it is approximately at the same fre-
quency than the one for which the PG depletion ends in
the normal state (see panels (b), (d) and (f), (h)). This
is pointed out by the dashed line in the pairs of panels
(a,b), (c,d) and (e,f) (g,h) of Fig. 6. Note that this is not
always the case.
2. Nodal superconducting and charge density wave
energy scales
The temperature dependence of the B2g Raman re-
sponses of the Hg-1223 compound for several doping lev-
els are shown in Fig. 7. In the panels (a), (b) and (g),
(h) of Fig. 7, we detect both 2∆CDW and the nodal SC
gap 2∆NSC.
For p = 0.11, 2∆CDW and 2∆
N
SC are well separated
in frequency. However, as p increases, they are getting
closer in frequency and for p = 0.16, they are almost
superimposed. In order to stress these two gaps, we plot-
ted ∆χ′′B2g (ω, T, T0) = χ
′′
B2g
(ω, T ) − χ′′B2g (ω, T0) where
T0 takes the values: 285 K, 290 K , 210 K 280 K for
respectively UD 105, UD 117, UD 127 and OP 133 (see
panels (c),(d)) and (h),(j)). As T increases up to Tc ,
the intensity of the nodal component of the SC gap is
strongly reduced while the intensity of the CDW hump
remains almost constant (see black arrows). We can
bring out the CDW signal below Tc by taking off the SC
nodal gap contribution after fitting it by an asymmet-
ric Gaussian (AsG) function (see insets in Fig. 7). The
set of the fitting parameters used for the doping levels
p= 0.11, 0.12,0.14 and 0.16 (at T ≈ 12 K) are respec-
tively (A=5, ωc=441 cm
−1, ω1=292 cm−1, ω2=47 cm−1,
ω3=116 cm
−1), (A=13, ωc=456 cm−1, ω1=80 cm−1,
ω2=90 cm
−1, ω3=85 cm−1),(A=8, ωc=540 cm−1,
ω1=200 cm
−1, ω2=80 cm−1, ω3=110 cm−1) and (A=7,
ωc=770 cm
−1, ω1=80 cm−1, ω2=50 cm−1, ω3=40 cm−1).
Above Tc , the nodal SC gap, 2∆
N
SC, is gone and
only remains the CDW gap: a dip-hump structure (see
∆χ′′B2g (ω, T, T0) in panels ((e),(f) and (k), (l)). Note that
the CDW dip-hump structure is observable in the Ra-
man spectra for p=0.11, 0.12 and 0.14 while for p=0.16
is hardly detectable, likely because the CDW signal col-
lapses below or close to Tc = 133 K. We can improve the
determination of the 2∆CDW(p) value by analyzing the
nodal Raman responses at low temperature. However,
the extraction of 2∆CDW(p) is complicated by the exis-
tence of SC signal. See the subtracted Raman response
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FIG. 6. (a),(c) and (e),(g): Temperature dependence of the
B1g Raman response function of Hg-1223 (with distinct dop-
ing levels) up to Tc . (b),(d) and (f),(h): Temperature depen-
dence of the B1g Raman response function of Hg-1223 (with
distinct doping levels) above Tc . The pair breaking peak in-
dicated by a red arrow determine the 2∆ANSC scale while the
pseudogap 2∆PG scale is defined from the energy for which
the dip in the continuum ends. The inset in panel (d) cor-
responds to a zoom of the B1g Raman response in order to
point out the 2∆ANSC .
∆χ′′B2g (ω, T ≈ 12K,T0) of Hg-1223 (left panel of Fig. 8).
The situation is even more complex for p=0.16 where the
Raman CDW signal coincides with the nodal SC one.
Yet, if we increase T but stay below Tc , this allows us
to weaken the SC signal and bring out the CDW signal
and obtain reliable 2∆CDW(p) values. This is achieved by
measuring ∆χ′′B2g (ω, T, T0) with T ≈ 25 K below Tc for
each doping level (see right panel of Fig. 8). We then
find that 2∆CDW = 1150 cm
−1, 1030 cm−1, 930 cm−1and
730 cm−1for respectively p=0.11, 0.12; 0.14 and p=0.16.
Note that this procedure is applicable because as it can
be seen in Fig. 7, the location of CDW hump is almost
temperature independent.
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